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TEXAS INSTRUMHNTS INCORPORATED 
13500 North Central Expressway 

P.O. Box 6015 
Dallas. Texas 75222 

22 February 1974 

SECTION I 

INTRODUCTION 

_lThe goal of this contract is to develop, fabricate, evaluate, and deliver to NVL thir-film 
structures consisting of semiconductors having bandgaps on the order nf oT,v     A , 
insulators. The following requirements are also goals 0    CV ^ COmmi * 

High-field tunneling transport, 

Semiconductor surface passivation i 

Semiconductor masking for diffusion and selective etching, 

Surface charge transport 

Antireflection coatings 

The primary semiconductor vehicles for this study have been GaSb -.mi n.InA.   .   •      . 

V» cmplusis in insulator preparation has bm, on low-UTtpcrature pnetmim to „rovenl 

ior nanvt oxides and sulfides. and plasma anodization also for native insulators. 
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SECTION II 

SEMICONDUCTOR PREPARATION (GalnAs) 

As  part   of the  investigation  of semiconductor-insulator structures  for  the  detection  of 
rad.atmn in the range of 1  to 2 Mm. solid-solution alloys of GaAs and InAs wire chosen because 
of the monoton.c vacation from about 0.9 to 3.48 ^/m of the bandgap of this alloy system 
Alloys ol    he  composition  C,a0.5 !n0.5 As  with  a  bandgap of -1.7 „m have been specifically 
chosen for tlus investigation. y 

The matt rials program has centered about preparing this alloy composition by the different 
techmques o vapor phase epitaxy. The first of these is synthesis of the alloys using an alloy of 
galhum d.solved m mdium as the source for the Group III elements. This system wa> used 
because it was in operation at the beginning of the program. Modification of the system for the 
growth of 50 percent alloy, both p- and n-type, was carried out and reported in the first 
Semiannual Report") on this contract. This reactor system is still being used for the preparation 
Ol k-st materials. Its major disadvantage, however, is that graded epitaxial films cannot be made 

It was recognized at the start that compositional grading would be essential for the 
improvement of structural and electrical properties of the alloys. Compositional grading allows 
lor reduced strain arising from the lattice mismatch between the GaAs substrate and the epitaxial 
alloy film grown upon it. For this reason, a dual-source reactor, separate gallium and indium 
reservoirs with separate HC1 supplies, was designed and put into operation. Progress in the 
growth of -50 percent (Ga,In)As is discussed in the remainder of this section. 

The dual-source reactor constructed for use on this program is shown schematically in 
Hgure 2-1. The chemistry of the HCI-ASH3 system has bee:, described in the literatire*2^ Two 
important ditlerences have been incorporated into this reactor: a separate source of HCI gas to 
p.event predeposition on the walls of the reactor in the region where the reagents mix and an 
exhaust system to prevent deposition in the cold section of the tube. This latter feature allows 
or cleaning of tl reactor in situ with HCI gas at high temperatures and minimizes contamina' 

tion which might occur during disassembling and acid cleaning. 

The preparation of (Ga,!n)As alloys is complicated by the fact that the standard free 
energies of GaAs and InAs differ by about A Kcal/mole at 750ÜC. with GaAs being higher For 
tins reason, the deposition of GaAs is favored. To prepare a 50 percent alloy, ratios of In to Ga 
m the gas phase must be 8.5 to 1. A graph showing the experimental results for various gas 
composition is shown in Figure 2-2. Data from this graph were extracted from the literature'^'' 
ihe results of the present work correspond to the upper curve in the range of 5 to 50 percent 
InAs alloys. Theoretical predictions of the relationship between gaseous and alloy composition 
ditter appreciably from experiment as shown i.. Figure 2-2. At an input ratio of 8.5 a theoreti-al 
composition of sbout 68 percent should be observed instead of the 50 percent InAs actually 
observed. This departure from theoretical has not been investigated; however, growth under these 
conditions is probably a kinetically limited process. In this case, departures from theoretical are 
not surprising. 

\ 
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SECTION III 

INSULATOR PREPARATION AND CHARACTERIZATION 

A     INTRODUCTION 

Preparation of thin insulator films on semiconductors in this program was aimed at the 
development of low temperature growth techniques. Including primarily plasma deposition, 
anodization in a liquid electrolyte and anodizalion in a gas discharge. Emphasis on low- 
temperature processing is important because of the interest in using compound semiconductors. 
such as Gajn, „ As for the detection of I 2 iim radiation. The shifting lattice defect equilib- 
rium as well as the probability of impurity contamination (particularly from Cu) associated with 
high-temperature processing of these materials creates substantial problems. As a result of the 
process development in this program, both the plasma deposition and the anodization approaches 
have been shown to be satisfactory growth techniques for high quality insulators with insulator 
semiconductor interface properties suitable for the future fabrication of devices. 

Appendixes A. B. and C are listings of the samples prepared during the program using each 
of the three growth techniques. Because of the limited supply of r.a0.sln0 s As, most of the 
optimi/.. tion of insulator properties was done using films grown on GaSb, Gc. or Si substrates. 
Silicon substrates were particularly useful because variations in insulator properties can be 
characterized without problems of extraneous variables from the substrate. 

Appendix D lists samples that have been delivered to NVI. for evaluation. Initially 
insulator-semiconductor structures were delivered with metallized dot patterns on the insulator 
surface to allow for electrical characterization. Later samples were delivered without these dots, 
at the request of NVL. Thin film "emitter struetures" for application in high field tunneling 
experiments were also included among the deliverable items. Figure 3-1 shows the processing 
steps used in the fabrication of these structures. 

Of the plasma-deposited insulators. AIOx proved to be the most promising, principally 
because of its high breakdown strength. The A10x Ge system was therefore chosen for 
optimization during the last half of the program. This effort led to the reproducible fabrication 
of nearly   pinhole-free   A10x   Ge  structures   which   exhibited   surface  state   densities   in   the 
3 5X 10"  cnT'eV"1 range. 

Of the anodic insulators, those produced by anodization in a plasma provided the most 
promising results, and optimization centered on oxidation and nitridation of Ge and 
Gajn, x As, Insulators product'! bv this technique have few or no pinholes and, in the case of 
GeOx. show reasonably stable electrical properties with surface state densities again in the 
3   5 X 10" cm * eV '  range. 

B.     INSULATOR CHARACTERIZATION 

Development and optimization of insulator-semiconductor systems for the program required 
a complete nonelectrical characterization effort. This portion of the program included characteri- 
zation of physical, chemical, and structural properties of most types of insulators, on a 
continuing basis, to evaluate modifications to the growth techniques. 

1 
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figure 3-1. Emitter Structure 

Physical   properties   which   have   been 
examined  for the insulators include thick- 
ness,  index of refraction, pinhole densities 
surface   morphology,   and   substrate   clean- 
liness. Ellipsometry (or talystepping), optical 
microscopy,   scanning  electron   microscopy 
and  electrophoretic pinhole  detection   have 
been used routinely to measure these prop- 
erties.   The  chemical composition  measure- 
ments were made to determine bulk consti- 
tnents    m    the   insulators,   stoichiometric 
vanat.ons.   and   trace   impurity   content, 
lechmques used included ion-backscattering 
Auger   analysis.   X-ray   ; iffraction,   and 
neutron activation analysis. Structural char- 
acteristics   were   examined    primarily    to 
determine   the   type   of   bonding   in   the 
amorphous insulators and to detect crystal- 
Imity. infrared absorption spectra have been 
analyzed  for the bonding studies, and pro- 
Kmged   X-ray  exposure  of  insulator  in   a 
Debye-Scherrer   camera   has   been   used   to 
look for crystallinity. 

C.     REACTIVE PLASMA DEPOSITION 

1       Silicon Nitride 

Reactive plasma deposition is a chemi- 
cal vapor deposition (CVD) method of 
producing thin films of dielectric insulators 
It differs from ordinary CVD in that all or 
part of the energy necessary to initiate the 
reaction is provided by the collisional excita- 
tion obtained in a low-pressure discharge of 
the reactant gases. Although plasma poly- 
merization of organic compounds4 is a well- known process with a long history  the process for ^"T™ 0f "TlS comf,ounds4 * a well 

nitrogen compounds, wasLt reputed ^965^ ÜS^J^!*** ******** ^^ 

he £SrZ^ —* '- been found to 
however, has been concerned pri Jn y w t ir ^os^b. """■   "'T " ^ ****** films- 
electronic and semiconductor devices  Mc     ÄSf^ST 1 '."" f™ '? VariOUS types of 

may be deposited at low temperatures  n^ludi It. *&*** * the fact that films 

conditions. Thus, it is PoAT^SA^AiZ H^ ^'^ ** ^^ 
for one reason or another, be suhjected       11 h mS 0n niaterials that cannot- 
Provides a degree of nc.m^Tm^^t    ^T^ '" additi0n• the RPD m^hod 
processes such as sputtering SeleCt,0n nüt aVa,,ab,e from oth^ low-temperature 
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A s.mp e form of reactor for the deposition of tl.in films, either by ordinary CVD or bv 
RPD. cons.sts of a honz.ontal tube through which the gases are allowed to How For some types 
-I rcactums .t .s possible to stack material, such as silicon slices, so that they'mntoThe u'b 
wKh their faces peipendicutor to the tube axis. It is much more common in CVD ac t^ 
however to have material lie flat with the face to be coated parallel to the direction of e ube 
ax,s. winch , also the direction of gas flow. This geometry also provides a simple mn of 
obtam.ng umform RF-excited glow discharges and is shown in Figure 3-2. AppaZs ZZr to 

■s has been u.ed to dcnosit a variety of films. The three most widely investiga c- ma n Is are 
silicon nitride, silicon oxide, and aluminum oxide. maienais are 

Silicon nitride (or, more properly, polysilazane) as deposited by RF plasma techniques is a 
assy, completely amorphous material the properties of which depend on tl e clposZ of th 
actant g.ses and the temperature of deposition. An excellent description of the nature of  hs 

gl   sy   silicon-based  compounds  has been given by Phillip.-   Basically  the structur    of   h 
matenals  is  believed   to  consist  of Si  tetrahedra of the type SKS1 O N ) with  x   v   a     ^ 
determined in a statistical manner from the concentrations^ the respe^i specie^: the g^ 

S,H  ^'-NH^A   nitrideS ^  ^  thiS Stl,dy   haVe  been 8rown  from  •" ^stures containing 
S.H4.N2.NH3.Argon in various ratios. The particular ratio depends on the temperature of 
deposition and the desired refractive index of the film. Table 3-1   is a compilL,     f t       t, 
composition   used   to obtain  a  refractive index of 2.0 at temperatures rangmg f"m   .00°  to 
350 C. Values given are the traction of the total gas flow for each component 

164351 

Figure 3-2. Tube Re.ctor With Square Insert Tube and Gas Block 
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TABLE 3 1. GAS COMPOSITION TO OBTAIN Rl I RACTIVE INDKX OF 2.0 

Temperature 
ro SiH, N.. NH, \r 

100 0.021 0.483 0.011 0.485 
250 0.019 0454 0.016 0.510 
MX) IMIIK 0.427 0.021 0.534 
350 0.017 0.401 0.026 0.555 

It is significant that the amount of ammonia needed to produce material with an index near 

mn'r'r^lno14^^^11^35 thC SUbStrate temPerature ^ during deposition is increased from 
00 ( to 350 C. It may be correlated with the increase in density of the films. Figure 3-3 shows 

the density of the films as determined by weighing a known thickness as a function of the 
substrate temperature during deposition. It is well-known that the refractive index of nitrides or 
oxides increases as the silicon content of the film exceeds the stoichiometric concentration The 
refractive index, n. also depends linearly on the density, p, of the films according to the relation 

n2 + 1 E P, », R, 

w, 

1 
; 

I 

i / 

.1 
I 

In  this expression, R, is the bond refracthity of the Uh type of bond, B: is   he bond 
traction, and Wi is the molecular weight. The summation is taken over all types of bonds present 0 
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in the material. For example, for Si3N4, the bond refrattivity, R^ refers only to the Si-N bond 
and has a value computed to be 1.93; B.; - 12 and WSj N = |40. The value of R for an Si-Si 
bond is considerably greater, being about 5.9. Thus, sma'll excesses of silicon can substantially 
increase the refractive index. For films prepared at the lower temperature, the silicon content for 
fixxi refractive index is expected to be greater than for films prepared at higher temperatures 
since the density is less. The density of the films prepared in -his manner compares very 
favorably with that of those reported by Meyer and Scherber9 for plasmaVeposited nitrides 
made from silane and Nj. 

Silicon oxides (polysiloxanes) have been prepared for evaluation as insulators in a manner 
similar to that for the nitrides but with different gases. Originally, a sila:ie:argon-nitrous 
oxide:mtrogen couposition was used. This system has the advantage that the structure of films is 
relatively msensit ve to the gas composition, if the nitrous oxide concentration exceeds about 10 
percent of the nitrogen concentration. An oxygen-containing gas is used (rather than pure 02 > 
which does not react with silane except in the region in which the glow is established It was 
observed that, when the oxygen containing gas was N20, there was always a small homogeneous 
reaction that produced a fine powdery silica product. This product was detrimental to the 
vacuum pumps used and is also believed to produce powdery deposits that lead to pinholes It is 
not knoam if the homogeneous (gas phase) reaction is a true small but finite reacdon rate 
between the silane and the N20, if it is caused by a thermally induced decomposition of the 
N20 and subsequent reaction between the SiH4 and the resultant 02, or if it is a result of 
impurities ir the N20 which :an be obtained only in medical grade. Mass spec rometer 
measurements failed to reveal the presence of free 02 in the bottled gas: the maior impurity was 
identified as argon. The Matheson Gas Data book, however, lists the principal impurity as being 
about l.5-per;ent air which would explain the small homogeneous reactions observed. 

To avjid the possible complications of the homogeneous reaction, the oxygen-bearing gas 
was switched to instrument grade C02, a 99.99-percent minimum purity. No homogeneous gas 
reaction has been observed with this system. Use of C02 is complicated by the fact that film 
stoichiometry, as indicated by refractive index measurements, is much more sensitive to gas 
concentrations. Very high C02 :SiH4 ratios are needed to produce films with indices near I 46 
the accepted value for silica. For these films, the ratio SiH4 :Ar:C02 ■ 0.0080 1460 846 It is 
possible with this system to produce films with widely varying amounts of silicon, going all the 
way from amorphous silicon to a subsilicon oxide. The structure of these films has also been 
discussed by Plnllip.7 Impurity content of both SiOx and SiNx films was examined by neutron 
activation analysis. Results are shown in Table 3-2. 

Film-density measurements have been made only for oxide films prepared at a substrate 
temperature of 300ÜC. The measured value is 2.18gms/cm3 which compares favorably with the 
accepted value of 2.21 gms/cm3 for fused silica. 

2.     Aluminum Oxide 

One area of considerable success in the program has been the deposition of aluminum 
oxide. Films with uniform thickness, uniform density and dielectric constant, and low pinhole 
densities have been achieved. In the interim report on this contract, we reported developing RF 
plasma deposited aluminum oxide which had the stoichiometry of Al20,, within the accuracy of 
our measurement technique (i.e., ±2 percent). During the latter half of 1973, our efforts have 
been devoted toward characterizing the physical properties of this insulator and developing 
techniques to make it technologically useful. 
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I ABI K 3 2. NEirrROM ACTIVATION ANALYSIS IMPURITY CONCENTRATIONS 

^ Cu As Sb Au Br Gt 

Units (atoms/cm3) 

Ü lection 1 .mils o.l 0.3 0.05 0.05 1 0] 0 4 
SiNx 

Mean 
Standard Deviation 
I'rol.able I rror 168 percent) 

.SiOx 

Mean 
Standard Deviation 
I'robable I rror 168 percent) 

Control Samples 
Mean 
Standard Deviation 
Probable Error (68 percent) 3 2 0.9 1.1 1° nl 

These activities were not in general separable; for in order to be technologically useful, the 
properties of the insulator must be reproducible. Two measures we have chosen to evaluate the 
reproducibility of the insulator are index of refraction and low frequency dielectric constant. 
These properties are not. of course, independent. In fact, the index of refraction is merely the 
square root of the high frequency dielectric constant. In what follows, we shall concentrate on 
the static dielectric constant because it reflects not only electronic polarization but also ionic 
polarization and hence is expected to be a more sensitive measure. 

10" 10" 1014 lO" 10" 1014 |014 
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Recalling that 

« - I 1 
772   =   3   Tr(A + Q) (3-1) 

0 
0 

where e is the static dielectric constant, 7 a factor which depends on choice of units, and A and 
a are the ionic and electronic polarizability per unit volume, respectively,10 we can write 

2PDF(«i + -) + PB <fB       I) 

PH^B - n-Prv(eB - 1) (3':) 1.1 

where cB and eDF are the dielectric indices of the bulk and deposited film and pB and pD,. are 
the densities. Navias" has measured the dielectric index of R pure Al203 ceramic of density 
3.788 to be 9.25. We have measured tie density of plasma deposited aluminum oxide to vary 
from 2.4g/cm3 to 3.0g/cm3 as the temperature of the substrate during deposition was varied 
from 300oC to 550UC. If we choose 2.9 g/cm3 as a typical value for material deposited at 
400oC, we calculate, from Equation (3-2), eDr. = 4.82. 

1 he dielectric constant of the insulator was determined from measurement of MIS capaci- 
tors biased with the semiconductor surface accumulated. Some care is necessary in this technique 
to ensure that the surface is really accumulated and that leakage current is not distorting the ,"» 
measured values of capacitance.  Measurement  on  eight  slices from two different depositions 
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yielded a mean value lor the dielectric index of 4.66 with a variance of 0.31 a result in 
reasonable agreement with the calculated value. It should be pointed out that the variance in 
measured d.elcctnc constant arises at least in part from variation in oxide thickness across a slice 
smce the th.ckness is typically measured at only one point on the slice where changes in 
mtcrference color indicate that thickness variation of up to 10 percent may be seen ewer a 
distance ot ~ 2 cm on a slice. 

it was recognized in the interim report that pinholes in the deposited insulators were a 
major obstacle to technological application of these films. As a result of this, a determined effort 
was undertaken to identify and eliminate the cause of these pinholes. It was established that for 
he case ol plasma deposited Al O. most of the pinholes were a result of contamination of the 

Wrface I was further established that the procedure described in Table 3-3 drastically reduced 
the pmhole count. 

TABU 3 3. BUKFACS PRIHARAIION PROCEDUM 

Remove oiginic tonlamj .jnts 

i nunules hoiling xylcne 

5 minutes boiling mclhanol 

5 minutes boiling isopropanol 

Rinse :n de-ioni/.ed water 

lull the semiconductor to remove  ~l um ol material 
Rmsc in de-ionued water for 3Ü minutes 

Blow the sample dry with filleted N, in a class 1 It) cleanroom 

load the samples onto the graphite holder and piacc the holder 
into a sealed glass container while m cleanroom 

Slide the holder from the container into the deposition apparatus 
and nninedialely evacuate. 

Measurements of pmhole densities were performed, using a variety of techniques including 
scanning electron microscopy and selective etching, but the most reliable results were obtained 
usmg a Nav.omc Dielectric Defect Detector." The apparatus consists of a gold-plated dish filled 
with methanol. to which the semiconductor slice makes contact. A copper ring is used as the 
anode and is placed 0.76 mm above the insulator surface. The semiconductor serves as the 
cathode of an electrophoretic cell so that, when a potential of about 1 volt is applied 
prelerential conduction occurs at any pinholes in the insulator, and gas bubbles evolve at these- 
points. A microscope with calibrated grid is used to provide a count of pinholes per unit area 
Translation controls are available so that an entire sample surface may be examined. Theoreti- 
cally, pinholes as small as 0.1 Mm should be detectable with such a system. 

The histogram in Figure 34 shows the pinhole densities per 10 mm1 measured on a number 
ot  slices after the above procedure was instituted. Note that zero pinholes indicates that no 
pinholes were found over an entire slice of ~3 cm2 surface area. Thus, 41 percent of the slices in 
his sampling had no pinholes. These data are typical of those we have obtained since instituting 

this procedure and compare favorably with the state-of-the-art for thermally oxidized Si. 

Ion backscattering analysis was used to determine the stoichiometry of the AIO films 
Sto.chiometnc ratios of the deposited layers calculated from the backscattering analyses are given 
in I able 3-4 as a function of temperature and gas ratio. The accuracy of the stoichiometric ratios 
is I percent. The measured indices of refraction are also given. Note that the refractive index 
increases monotomcally with increased value of the ratio IA11/(0|. Note also that stoichiometric 
ratios cluster closely about the value 0.667 -xpected for aluminum oxide 
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TABLb: 3 4. STOICUIOMITRIC RATIOS OF THE DEPOSITED LAYER 
CALCULATED FROM BACKSCATTERING ANALYSES 

TMA/N,0 

lem[>eralure 
1/10 

S60oC 

4()()"C lAIJ/lOl =0.675 
n = 1 643 

290'C 

1/20 i/4o 

|AI|/|0| =0.739 
n ■ 1.703 

|AI|/|0| -0.657 |A1|/|0) =0.691 
n ■ 1593 „ ■ 1.678 

|A1|/|0| =0.633 
n ■ 1.526 

1/80 

D      LIQUID PHASE ANODIZATION 

Anodization  uses an  electric  field assisted  reaction  of oxygen with a solid to fomi an 
.nsulat.ng oxule   ilm^Extensive reviews of the subject are available—    Anodi     ion ht be 
suuhed  ex enswely   because of its importance  in  corrosion  as well  as  in  tlv  labrication o 
msulator f. ms for electrical components. The fin* field-effect transistor eve- fabricated use   a, 

X^U^ZZ      bUt SUbSeqUent — - ^ -Wth 0f ^ ^£ on Si ma: 
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For growth of insulators on compound semiconducting materials, however, anodization 

offers some distinct advantages: 

It is a low-temperature process; high-temperature proces^s lead to vaporization of the 
more volatile group V species in I1I-V compounds, causing surface damage and 
stoichiometric alterations in the semiconductor. 

It offers inherently self-healing film growth. Pinholes which may develop in tiie 
insulator become points of maximum electric field and are therefore eliminated 
by more rapid insulator growth. 

It eliminates the original semiconductor surface from the final MIS structure. This ic an 
advantage over deposited insulators, where structural damage and contamination 
on the semiconductor surface lead to undesirable semiconductor-insulator inter- 
face properties. 

Studies conducted during this program have used both liquids and plasma as the electrolytes 
for anodization. Plasma anodization offers the distinct advantage of freedom from impurity 
contamination, but is is a more difficult process to control than liquid anodization. Although the 
use of a liquid electrolyte has been reported to result in deleterious electrical effects caused by 
incorporation of water and OH ions in the films,15 methods are available for "baking-out" these 
contaminants; some anodic films show desirable insulator characteristics even without such a 
process.16 

Anodization of semiconductors in oxidizing solutions has been reported for InSb,17 

GaAs.18 and GaP.19 The oxides formed on InSb in aqueous KOH solutions have been success- 
fully used fo» field-effect devices.20 This type of anodization is the principal technique used in 
Texas Instruments program, but a modification which has not been reported previously ha;, een 
used with some success. In the modification, solutions containing anions other than oxygen 
(principally sulfur) have been used as electrolytes. Such an approach provides a variety of 
insulators, other than oxides, for evaluation in MIS structures. 

The apparatus used for anodization is shown in Figure 3-5. The reference electrode serves to 
counterbalance the solution potential and is made of the same semiconductor material as the 
anode. The apparatus can be easily altered for operation at constant current, constant voltage, or 
programmed ramp voltage. 

Water, glycerine, and ethylene glycol have been used as electrolyte solvents. The latter two 
are used in cases where anodization is to be done at large voltages, exceeding the decomposition 
potential of water. Most anodic oxidation has been performed on GaSb, GalnAs, and Ge, using 
approximately 0.1 N KOH dissolved in these solvents, although other oxidizing solutions, such as 
NH^OH and H2O2. have also been used. Attempts to form sulfide films have been made with 
Na2S and sulfurated K2CO3 in the same solvents. 

Variables that have been used to alter anodization characteristics include temperature, 
anodization time, current or voltage condition, solute concentiat-on, and incident illumination. 

Backsides of the semiconductor samples are normally masked during the anodization either 
with one of several types of photoresist or with black wax Following anodizatioM, the samples 
are rinsed in organic solvents and water, and then characterized, using optical microscopy, 
scanning electron microscopy, and dielectric-defect detection (pinholes). Metal dots are normally 
deposited on the insulator surface and the electrical characterization performed. 
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Piguit J-5. Anodization Apparatus Wired for ConsUnl Current Operation 
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The most notable results have been achieved on GalnAs using the 0 I N KOH-ethylene 
glycol electrolyte, and on Ge using the sulfide solutions. Oxide films grown on GalnAs were 
reprodudble, and showed few or no pinholcs and less than ±3 percent thickness variation 
v apacitance-voltage measurements showed band bending in most cases and flatband voltages less 
than 1 volt, with a hysteresis of similar magnitude. Auger analysis indicated the presence of 
significant amounts of carbon in the anodic films, typically between 5 and 10 percent in 
addition to the 30 percent oxygen present. Since film resistivities were less than I010 ohm-cm a 
low breakdown strength was typical in these samples, and was not significantly improved by 
standard annealing treatments. It appears likely that the organic electrolyte is causing the carbon 
contamination. For this reason, further investigation of this oxide was discontinued in the hope 
that use of a plasma anodization process would maintain desirable cosmetic and electrical 
properties white eliminating electrolyte contaminants and ine easing film resistivity and stability. 

Films formed on Ge in the sulfide solutions showed flatband voltages less than i volt with 
httle or no hysteresis in the best cases, and resistivities as high as lO16 ohm-cm. These insulators 
degraded, however, after prolonged exposure to ambient conditions. In the better films concen- 
trations of approximately 3 percent each, of oxygen, nitrogen, and carbon, were found by Autier 
analysis. 

Here, again, it was decided that further development could best be performed by using a 
plasma electrolyte to control impurity contamination and to provide protective insulator coatings 
that could be deposited in situ after anodization 
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Most of the anodic films have shown no resistance to acid attack, thus making the 
patterning of Al for a surface planar process very difficult. Potassium iodide and potassium 
ferricyanide were used lo pattern Al on some of the anodic films, but these etchants appear to 
degrade the electrical properties of the insulators. Planar processes were therefore developed for 
these materials. Two of the approaches are shown in Figure 3-6. In the first case, Al was 
deposited on the insulator surface and then anodized in select.xl areas, by using a photoresist 
mask, to produce the desired metallization pattern. 

In the second case, a protective plasma-deposited SiOx layer was used and then standard 
photoresist techniques were used to pattern the aluminum 

E.     PLASMA ANODIZATION 

Gaseous, or plasma, ar.odization has been used to produce many types of devices, including 
capacitors, Josephsen junctions, MOS transistors, tunnel barriers, and others. A recent review of 
the process is given by DelFOca, Pulfrey, and Young.21 Two different types of anodization 
methods in plasmas are readily distinguished. In the first, a dc discharge is established with an 
appropriate potential (this may be either a cold-cathode or a hot-cathode discharge). The 
material to be anodized is biased positively at a different voltage with respect to the plasma to 
supply the anodization current. In the second method, an oxygen plasma is created by a 
microwave discharge and the sample is placed in the afterglow, again with an appropriate bias. 
Both of these techniques appear to have serious problems. In the dc technique, high voltages are 
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I igurt 3-7. Diagram of Plasma Anodi/alion Apparatus 

necessary as i> a three-electrode system. The many regions of a dc glow discharge require careful 
sample placement if reproducible results are to be obtained. Thus far. it appears as if a 
.mcrowave-supported discharge is not capable of uniform processing over a large enough sample 
area to make it practical. A third method is that of using an RF-supported discharge to create 
the plasma. wUh add.tional dc biasing to supply the anodi/.ation current. This last technimie is 
the one that has been investigated in this program. The experimental apparatus is shown 
schematically m Figure 3-7. It is a simple modification of the apparatus used for plasma chemical 
deposition. The conducting slice holder shown in Figure 3-2 is replaced with a quartz plate on 
the bottom ol which a thin platinum wire is strung. At several points along the quartz, holts are 
drilled and the platinum wire is extended to the upper surface where it serves as a contact to Mie 
b.'-ksKlc of a slice When placed in the inner, rectangular cross-section tube, the platinum wire is 
shielded from the d.scharge by the quartz plate. A rectangular slot is cut into the upper section 
ol the inner rectangular cross-section tube and an aluminum plate is used for the other electrode 
A hole in this plate supports a platinum wire, which is brought to the top of plate and makes 
contact with the outside world through the spring electrode. The RF generator and the dc bias 
supply are isolated from each other by a filter network of passive circuit elements. 

Growth  of uniform  films by  plasma anodization  was  found  to depend primarily upon 
application of the dc bias uniformly over the sample. This was accomplished by depositing gold 
over   he entire backside of each sample and then using a silver paste to provide contact between 
he platinum wire and the sample. Two-inch slices of Si, anodized using this technique, showed 

less   than   ±3   percent   thickness   uniformity   over   the  entire   slice.   The   film   resistivity   and 
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breakdown strength of the plasma-anodized SiOx was comparable to thermally grown SiO,   after 
annealing 30 minutes at 450 C in a nitrogen gas flow. 

Capacitance voltage measurements typically show fiatband voltages less than  2 volts and 
hysteresis less than 0.2 volt. Interface state densities, examined via conductance-voltage measure- 
ments (see Section IV). are in the 3 to 5 X 10" cm eV '  range. 

Anodic oxidation of Ge in the plasma was followed by plasma deposition of 200 Ä of SiO 
to protect  the insulator from ambient effects. These structures show more hysteresis than the 
anodized Si, being typically  I volt, and show flatband voltages less than 2 volts and surface state 
densities in the 3 to 5 X  10"   cm 2 eV"'  range after annealing. The SiOx overcoat effectively 
protects the insulators from degradation caused by metal-patterning etches and ambient effects. 

Attempts to grow nitride insulators by plasma anodization of Ge revealed that the solubility 
Of GeC\ in water is eliminated if a few percent of nitrogen is incorporated in the material 
Nitrogen gas and ammonia were both used as sources of nitrogen in attempts to produce 
insulators approximately Ge,,N4 in composition. Thus far. attempts to increase nitrogen content 
have resulted in films containing no more than 17 percent nitrogen, as determined by A-iger 
analysis of the insulators after sputtering off several angstroms of the films. 

Attempts to grow GeSx compounds by plasma anodization, using a carbonyl sulfide gas 
tlow. resulted in films with up to 12 percent S. This process causes deposition of elemental 
sulfur in the reactor, and some damage to the pumping system. Both the nitride and sulfide films 
exhibit some carbon and oxygen contamination. 

I 
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SECTION IV 

ELECTRICAL MEASUREMENTS 

A     GENERAL PRINCIPLES 

Electrical characterization has been done chiefly by capacitance-voltage (C-V) and 
current-voltage (l-V) measurements on metal-insulator-semiconductor (MIS) capacitors When the 
senm-onductor is accumulated, the capacitance measured it that of only the insulator layer 

C, 
AK, e0 

(4-1) 

where A is the area of the metal contact, K, is the dielectric constant of the insulator and X, is 
the insulator thickness. If the semiconductor is in inversion, the measured capacitance is the 
series comhination ol the insulator and the semiconductor depletion layer, 

C, 
C|Cs 

c,+cs 
(4-2) 

The semiconductor capacitance is described by 

Q   " 
AKS60 

XH 
(4-3) 

where the depletion layer thickness for an inverted layer is 

XH   -2 
Ks e0 0,. 

qNo (4-4, 

where Ks is the dielectric constant of the semiconductor. ND  is the net ionized do »ant density 
mdfe   is the potential difference between the Fermi level and the intrinsic Fermi le.-l. Finally, 

fc   ■ 
kl N. 

In (4-5) 

I 
( 

I 
I 

if the semiconductor is not degenerate (the case of interest). 

If the capacitance is measured with the semiconductor both in inversion and in 
accumulation, Fquations (4-2) through (4-5) can be solved iteratively for ND and 0,.. That is, 0,- 
can be guessed and the guess used in Fquations (4-2) through (4-4) to calculate N,, which can 
then b.   substituted into Fqnation (4-5) to solve for 0,.. The new value of 0F can then be used 
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to calculate N, 
to yield valucs'^r^ NnPCndS ^ ^ ^ l0garithmlCal,y' ^ ^^ "^ —.es 

Under tins program, a computer program has been developed which, when given Cu   C. 
m   X,    .„nputes K,  and N,. This value  for ND   is then compared with the value measured 

tore the msulator was deposed  to check  that inversion and accumulation of the semicon- 
uctor surface were indeed obtained. ■ Simeon 

.11 

bef 
d 

As the semiconductor surface is driven from accumulation to inversion by a bias voltage on 
1     Mk metal   there .s a point at which the hands in the semiconductor are Hat (i.e., bent into 

o    o h "!'I      " ,n0r 7Ti0n'- ThC biaS VOltai;c * whidl t,lis occun is of ^ »Wfcance lor Dotn SLienlilic and practical reasons. 

It is known that the flat-band voltage, 

Qss       I 

A 

V1B  =   «J'MS 
X 

Co     c0 
p(X)d(X) (4-6) 

where <l>m   u the difference in metal-semiconductor work  functions, Qss is the sheet charge at 
toe senuconductor-msulator interface, ( 0  is the insulator capacity, ami ^is the insula o    • Lgc- 
d.stnbu .on.  Since <1>MS   .s usually  known, VPi   .s a  n,easure of üss  and p.   Fhus   V, K   g t 
.nlormat.on concerning the InsuUtoi and its interlace with the semicomluctor 

The precise- determination of VFi   can be complicated in a device with a very large surface 

u      ta-u; n'v rv"" ' ^ TT 0r V' B Can hC ^ ,iy si,T"^ -"".-ing the measured 
gh   ru.uency (-V cum-s w.th the theoretical curves for an ideal device with the same insulator 

th.cknc s,  sem.conductor substrate   material,  and doping. The  translation of the expe-imental 
cuive along the voltage axis from the position of the ideal curve provides a measure of the shift 
m v,B. 

Practically speaking, one would  like to operate an  MOS device at  modest voltages   This 
.eqmres V, B   to be small. I rom this point of view, measuring V, B   is monitoring an important 

cv.ee   parameter.   Moreover,   from   the device standpoint, one  Quires .ha,  V,.     be cönstan 
uder repeated voltage cycling. Results from this type of measurement were reported in the June 
1973 semiannual technical report for this contract.23 

Idectrical measurements are also used to determine tla density of fast interface states. 
Ttof states hm.t transfer elf.cency in a OCD and contribute noise in other MOS devices 
Mea* rements of mterface state densities are much moa- difficult to perform and to analyze than 
t ose> previously d.scussed, and they require an insulator with very low leakage and high stability 
[hese measurements have received a great deal of attention recently in our program and they 

are discussed in detail below. t    ^      ■ umy 

B.     TEST FACILITIES 

A considerable portion of our recent effort has been directed toward the development of a 
probe stat.on fac.hty to be used in  the characterization of the insulators. This station is now 
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Figure 41. Block Diagram of the InstrumenUtion of the Test Sution 

opc r.vc   or meusunn, (1) capacitance   voltage characteristics usin, the Boonton CV meter at 
I MHx. (2)capac.tance-v0ltage and conductance   voltage characteristics from SOU. to 100 kM 
stng a Pnnceton Applied Research lock-.n amplifier system, (.^current   voltage m     .^1 

ietern ni      r,;;,n   ,0n0f  ,nSU,at0r   **'**   *****   *******   measurements   for  u"     , 
o    an   T h      h1"10"^ ""^ lirCtiniCS in PrOCCSSed Sli^ (5>^^   tompemtJ ope'tic 
«t  any  ot   the  above  measua-ments usint, liquid nitrogen cooling and an electronic feedbm* 
con n.   sys em which covers the temperature range from ahout 9« to 500^.      "    w pos i 

L^   Wit^Tn  T "^r" ——'^ **** ***** «» sample from L^ 
w 1  f '-im \t 

h a CümPUter ^ be addcd to ,he d;'ta acquisition system which 
wdl tauhtate direct data mput mto the computer and detailed analysis by the computer. 

The test instrument setup is relatively straightforward with the exception of the r V mm I 
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C-V AND G-V CHARACTERISTICS  OF 
RF   PLASMA  ANODIZED  GERMANIUM 

TEMPERATURE   I 90  K 

FREQUENCY   6.0 KHZ 

-5 -4 -2 -1 0 

CATE  VOLTAGE 

♦ 1 +2 +3 

I iKure 4-2. v'-V and (;-V Characleristics of RF Plasma Anodized <; ermanium 

The conductance, Gp, is related to surface state density by 

G^       llNssA /exp(- Z2!2o !/-o2)      Vn (1 + w2T2e 2z) 
dZ (4-1)) 

where Nss is the dennty of surface states (cm"2 eV-»), q is the electronic charge, A is the area 
ol the device, o2 is the variance of the fluctuations in surface potential, z is the deviation from 
the average surface potential in units of IcT/q, and 7 is the relaxation time for filling and 
emptying the surface states lying with ikl/q of the surface potential corresponding to the 
applied bias. 

Our general procedure is illustrated by an example of measurements and analysis on a 
SiSi()2Al device. First, C-V and G-V data were obtained at a number of frequencies between 
ICO Hz and 100 kHz as shown in ligua- 4-4. From plots like Figure 4-3 we select a certain bias 
voltage in the depletion region and read the corresponding values of C and G. Then Fquation 4-7 
and Fquation 4-8 aro used to determine the correspopding values of Gp(cj> and Cp(u)). 
Figure 4-5, Gp(aj)/u;C0 is plotted for this same device. Fquation 4-9 is fitted to the experimental 
data by adjusting the parameters Nss , o, r using a least squares fitting routine on a computer. 
The resulting theoretical curve for this example is also shown in Figure 4-4. In this example, the 
calculated values of the mode parameters are 
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Nss= 2.0 X 1010 cm-'eV"1 

o « 1.1 

r »6.1 X K)"5 sec. 

1 7357? 
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I igure 4-3. I^iiivalenj ( ircuit for MIS ( apacilor 

This particular device luis a very low 
surface slate density which is near the lower 
limits of the resolution of our experimental 
equipment. When the surface state density is 
this low. we find the ratio G/wc to be on the order 1 X 10"' which makes very high demands 
on the stability of the phase-sensitive detector. The effects of series resistance in the 
semiconductor also limit the accuracy of conductance measurements at high frequencies. 

2, Fast Interface Stale Measurements in Gc-AIOx-Al 

The curves in Hgure 4-2 represent C-V and CIV d !a which were obtained from an RF 
plasma anodi/ed Ge slice. These curves are also typical of data we have been obtaining from 
deposited aluminum oxide on germanium. The hysteresis observed in these curves is a serious 
problem in using these and other similar data for surface state density analysis. Another problem 
area in analyzing surface state densities on these devices is that of instabilities and hysteresis in 
the C-V and G-V curves. In some devices variations in the amount of hysteresis are observed 
from one measurement to the next. Also in some devices we see the who!.» curve translate along 
the voltage axis from one measurement  to the next. Such instabilities make it impossible to 

— 
s 
> 

I 
I 

-1 .5 

1735B0 

-1.0 -0.5 
GATE   VOLTAGE 

Figure 4-4, Typical C-V ind (;-V Characteristics of Al-SiO.Si at 4,0 kHz 
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' KHZ 10 KHZ 

SURFACE STATE CONDUCTANCE   VERSUS FREQUENCY 

100 KHZ 

I igiure 4 5. Surface State (onduttancc Versus hrequenty 

f 
correlate measurements at difterent frequendei at the same bias voltage as we require for the 
analyse. However, we can still estimate from these data surface state densities in the midgap 
region without knowing exactly what energy level and time constant (r) to associate witii 
measurement and without knowing the statistical fluctuations (o) of the surface potential. This 
kind of estimate of surface state density based on magnitude of (Gp/co) maximum at 4 kM/ and 
190 K leads to a value - 3 X 10" cnT2 eV"' for the RF plasma anodized germanium slice 
shown in Figure 4-2. 

I 

i 

3.      Insulator Flcctrical Instabilities 

At this point in the program, it is not possible to determine the cause of the hysteresis and 
instabilities in our MIS structures. One possibility is the presence of highly mobile impurities in 
the insulator. Such impurities would vary on different slices as we have observed. Presumably, 
they could be eliminated with an appropriate step in the surface cleanup process before the 
insulator is deposited or grown. Another possibility might be that there is charge injection irom 
the semiconductor into slow trapping states within the insulator. Such states might be 
unavoidable in some of the insulators. On the other hand, it may be possible to eliminate them 
in some cases by means of appropriate annealing steps in controlled atmospheres. We are 
currently investigating the effects of different cleanup procedures and annealing samples in gases 
such as N2, H2, 02, and argon in attempts to lower interface state densities and to determine 
the leasibility of eliminating hysteresis and instabilities. 

I 
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SFCTION V 

CONCLUSIONS 

During this contract period, conädenble progress has been made in preparing the (Ca ln)As 
..mpies.  rhe    ual-source reactor has produced graded alloys to help mateh .le (iaA    u s r      u 
the ep.tax.al alloy film grown on it. Optimization of this new system is still in progress 

Preparation of thin insulator films has been done with reaetive plasma depositions   olasma 
anod.atuH,, and liquid anodi.ation. All of these «e low-temperature lechnic.ue   1^ vc 
Prohe.ns   assoc.a.ed   with   high-temperature   processing  of  .(ia.ln.As.   Many   of  the   m h 
proNems n,   AC)     have  been  solved  by  .mproved  surface  preparation  techmcues.    >u    A 
.Pears to be die best overall .nsulator so far in this program. We are continuing to study   he 

plasma anod./at.on scheme as it has produced promising but inconsistent results. 

Our electrical  characterization  facilities are now quite comprehensive. Complete electrical 
cha^ctenza  ons  o    the  insulators  depends on  achieving stable,  low-lea.age, and  p.nh  ^ 
rums   factors wh-ch  have  not always allowed the determination of breakdown strengths and 
u lace stale densmes. The final phase- of this program should provide more extensive electro 

data on oi.r better insulating films. «-'ccincai 
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INSULATOR-SEMICONDUCTOR STRUCTURES 
DELIVERED TO NVL FOR EVALUATION 
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